We have performed an in vitro and in vivo study, based on laser speckle contrast analysis, to detect fluid pulsation in the presence of artifacts caused by the relative motion between the sample and the illumination source. We observe that the pulsation signal is clearly detectable for a range of motion amplitudes and oscillation frequencies; however, for higher amplitudes and oscillation frequencies of motion, the signal, due to pulsation, becomes increasingly difficult to detect.
The regular monitoring of vital body parameters is becoming increasingly relevant, as population demographics in many countries lean toward aging. Recovery and rehabilitation chances increase significantly with the early diagnosis of disease. Noninvasive monitoring techniques have a huge advantage, since they cause no discomfort to the patient and avoid the risk of contamination and infection, besides other issues. Optical methods can contribute here significantly; already, many noninvasive techniques have been developed with them. One such portable noninvasive optical monitoring device that is widely used to monitor cardiovascular complications is the pulse oximeter. The pulse oximeter produces a photoplethysmogram (PPG) by measuring changes in light absorption in the presence of illumination. The device is commonly attached to the patient's finger, in a clinical environment. The major difficulties faced by these measurements are low perfusion and motion artifacts [1, 2] . In spite of the fact that this method has been in use for many years, the extraction of the signal in the presence of measurement errors caused by motion artifacts, are still at a developing stage. To deal with such artifacts, different research approaches address the problem based on hardware [3] , or software-based solutions [4] , to improve the signal quality; however, most of the time, the precise source of artifacts is unknown. These approaches help to decrease the number of false alarms, but do not completely remove the influence of artifacts.
In this Letter, we address the possibility of measuring a pulsatile flow in a noisy environment, using an approach based on speckle dynamics, which we have previously demonstrated in the measurement of pulsation, in flow, in a scattering medium [5] . In this specific case we measure pulsation and heart rate, in the presence of motion between the illumination, in in vitro and in vivo samples, respectively. The main difference between speckle measurement and PPG is that, instead of measuring volume changes, we measure the time-dependent velocity changes of the scattering particles, such as red blood cells (RBCs).
Speckle is a random intensity pattern that is produced when monochromatic light is scattered from a rough surface, where inhomogeneity is not resolved. The addition of various scattered waves, with different phases and amplitudes, will define the overall intensity of the speckle images. By analyzing the speckle patterns, we can extract information about the medium, which can contain static or dynamic properties. In the case of blood flow measurements, a time-varying speckle is studied. The complexity of the situation arises from the presence of dynamic scatterers within several layers of static scatterers, with different composition and different scattering properties. Speckle techniques have demonstrated the capability of monitoring retinal blood flow [6] . The possibility of measuring hemodynamic parameters in the presence of relative motion between the optical components and sample using speckles, is still an open question [7] .
We initially did an in vitro study to investigate the influence of artifacts arising due to motion on the signal. The schematic of the setup for in vitro and in vivo measurements is shown in Fig. 1 . The experimental setup is composed of three main parts: illumination, sample, and detection. For illumination, we used a vertical-cavity surface-emitting laser diode (VCSEL) with an emission wavelength of 850 nm and spectral bandwidth of 0.3 nm. The laser diode has a coherence length of 2.4 mm and an optical output power of 0.5 mW. The measurements have been done on a phantom that contains a flow cell with a top membrane made up of Delrin (polyoxymethylene, POM), which has scattering properties similar to skin [8] . The flow cell has a rectangular channel with a length of 20 mm and a depth of 1 mm, to represent a homogenous thin layer of flow. We used a roller pump (Minipuls 3) with five rollers to generate a controlled frequency pulsatile flow in our flow cell. Milk was used as a scattering fluid to mimic the blood flow, as the fat particles in milk scatter light similarly to the RBCs in blood [9, 10] . For our detection system, we used a high speed camera (Photron Fastcam SA3) with a pixel size of 17 × 17 μm. For magnification, we coupled the camera to a stereomicroscope with overall magnification of 6.4×. In the experiments, we simulated a scenario of measuring the pulse rate in a phantom case, where the artifacts are generated by systematic and random motions. We have used these two main categories to compare the systematic motion with either rhythmic hand motion, which occurs, for instance, in sport activities, or random motion, which resembles the complex hand motions of patients in a clinical setting. To generate the motion, we used a mini-shaker, driven using a Labview-based program, and passed through an amplifier. The laser diode is attached to the shaker, which moves with a defined linear or random motion. The movement of the beam spot affects its position on the sample being illuminated and, thus, the separation distance between the laser beam and the detector. This continuous movement creates the main motion-induced artifacts by changing the optical path through the sample and changing the depth at which the sample is monitored.
One approach for analyzing the dynamic fluctuation of speckled images by moving scatterers, is based on the laser speckle contrast method, first introduced by Briers and Webster [11] . In this method, the speckle images were recorded using a camera with an exposure time of, typically, 1-20 ms. In each acquisition, the timeintegrated speckle images were recorded with a blurry effect because of the longer integration time compared with the speckle decorrelation time induced by the motion of the scatterers [12] . This blurring of the speckle data is analyzed to study the motion. The images, or specific parts of them, are quantified by the contrast term K, defined as the ratio of standard deviation σ over the average intensity fluctuations hIi:
The calculated contrast has a lower value in the case of a sample that has moving scatterers, due to the fact that the standard deviation of the intensity decreases while the average intensity remains constant. The main schemes of computing the speckle images from the raw data are considered as temporal, spatial, or a combination of these two techniques. A more detailed description can be found in the literature [13] . In the present work, we have calculated the speckle contrast for each image with a spatial window size of 7 × 7 camera pixels. The calculated contrast for the series of images was then Fourier-analyzed to obtain the frequency spectrum of the speckle contrast fluctuations arising due to the different processes, for the entire time of each measurement.
To simulate heart rate in vitro, a roller pump generated a pulsation rate of 1 and 1.25 Hz, with amplitudes per stroke of 6.7 and 7.8 ml, respectively. The base flow rate for 1 and 1.25 Hz was 40 ml∕ min and 47 ml∕ min, respectively. The motion-induced artifacts were generated using the shaker to move the illuminating laser at three different frequencies (0.
The experimentally measured contrasts for the milk pulsation at 1 and 1.25 Hz are shown in Fig. 2 . The left panel displays the contrast calculated for the recorded images in time with the two different pulsation frequencies of milk flowing in the sample cell. The panel on the right is the spectral composition of the speckle contrast variation, arising due to the pulsation of the fluid in the sample, and the motion artifacts generated by the moving illuminating source and extracted from the images Fig. 1 . Experimental setup (a) in vitro and (b) in vivo. The motion artifacts are generated by the motion of the laser beam, which creates a different penetration depth, illumination spot, and distance to the detector. The speckle contrast has been calculated over the whole illuminated area. obtained by the camera. The measured signals are shown for the best and worst signal visibilities, which is the case for the 0.5 and 2 mm displacement amplitudes of the laser by the shaker, respectively. For each measurement, the signal has been low-pass filtered at 6 Hz and plotted for the same range of frequencies. As can be seen in the figure, the visibility of pulsation signal, compared with the motion signal on the laser, has decreased. The main reason for a larger drop in the case of 1.25 Hz pulsation is the flow rate. In the current setup, a higher pulsation rate also causes a higher flow rate. The measured signal quality drops due to the speckle patterns being more blurry, which results in a lower contrast value. The main aim of these measurements is to distinguish and reliably detect the pulsatile signal, in spite of the noise elements around it. We must state that, in the current experimental setup with speckle imaging, we cannot distinguish between two opposite directions of laser motion. This leads to the double frequency signal of the laser motion (1.4, 2.8, and 5.6 Hz) being more prominent in our spectral decomposition graphs. In the in vitro case, we have the specific advantage of knowing the frequency of the signal we would like to detect, since it is the frequency of our pump. In this case, therefore, we can separate it from the other frequencies in our setup, e.g., the modulation frequency of the shaker that moves the laser. We have observed that, neglecting the spectral signal arising from the known frequency of the shaker, and calculating the signal-to-noise ratio for the signal arising from the pump, the average signal-to-noise ratio of 14 dB makes the measurement of the pulsation signal still feasible. A surprising point was that the signal was still distinguishable for the case of pulsation at 1.25 Hz and a laser oscillation frequency of 0.7 Hz, which has a larger amplitude at the double frequency of 1.4 Hz. In this case, the frequencies of the signals are even closer, or overlap, and it is probably not possible to detect the pulsation frequency clearly. From the figure, we observe that, even for the case of maximum displacement at 2 mm and a shaker frequency of 2.8 Hz, we were still able to see the signal; however, we emphasize that the detection possibility of the signal deteriorates with increasing amplitude and/or the oscillation frequency of the shaker that moves the laser, because speckle contrast modulation decreases. To quantify this, Table 1 shows the ratios between the amplitude of the pulsation signal from the spectral decomposition and the amplitude of the double frequency signal of the laser motion, seen in the same spectral decomposition. To extend our study to a more general case, we decided to move the shaker and, hence, the laser, randomly using a band limited white noise signal with frequencies in the range of 0.1-10 Hz. The choice of this frequency range was made based on literature that states the PPG pulsatile cardiac signal is in the range of 0.5-4 Hz, with the low frequency range of respiration signal of 0.2-0.4 Hz. [14, 15] . The results of this study are shown in Fig. 3 , where we see that the pulsation signal is clearly visible for the lowest amplitude of laser motion of the laser, which is 0.5 mm. For the white noise measurements, the signal was observable only up to the laser motion amplitude of 1 mm; above this amplitude, it is difficult to detect anything, as can be seen in Fig. 3 for the case of a laser motion amplitude of 2 mm. In the case of random motion, therefore, the amplitude of the motion with respect to the illuminating source is the deciding factor for signal detection. We then implemented the measurement in vivo by placing the finger of a volunteer in the place of the flow cell. The volunteer also wore a commercial pulse oximeter on the thumb so that our measurements could be verified. The analog signal from the pulse oximeter was synchronized with the camera frames recorded for the measurement. To keep the heart rate values similar, the measurements for the two amplitudes of the shaker, which moves the illuminating laser at 0.5 and 0.8 mm, were performed sequentially in time. The results of the measurements can be seen in Fig. 4 for the three different motion frequencies of 1, 1.4, and 2.8 Hz of the illuminating laser, at the two different amplitudes.
The results confirm our expectations from the in vitro measurements that the detectability of the signal drops for higher motion amplitudes and frequencies. We see this even more in the case of random motion of the shaker moving the illuminating laser in Fig. 5 . The heart rates indicated in Figs. 4 and 5 were those measured independently by the commercial pulse oximeter.
We have performed an in vitro and an in vivo study, based on laser speckle contrast analysis, to detect fluid pulsation in the presence of artifacts caused by relative motion between the sample and the illumination source. We observe that the pulsation signal is clearly detectable for a range of motion amplitudes and oscillation frequencies. However, at higher amplitudes and oscillation frequencies of motion, the signal, due to pulsation, becomes increasingly difficult to detect. The thresholds of detectability remain an interesting question for further research.
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